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Abstract: Strategies for waste valorisation from domestic and agro-industrial activities must be
pursued, and its use as a soil amendment is an interesting possibility. In this four-year study, the effect
of applying municipal solid waste (MSW), farmyard manure (FYM), bottom wood ash supplemented
with nitrogen (Ash + N), the inorganic fertilization common in the region (50 kg ha−1 N, P2O5 and
K2O) (Control) and this inorganic fertilization supplemented with 70 kg N ha−1 (High N) was
assessed in a rainfed olive grove planted in a shallow soil with low organic matter and managed
with conventional tillage. The High N treatment significantly increased olive yield in comparison to
the other treatments (165% more than MSW), and soil available N proved to be the main driver for
tree productivity. MSW and FYM increased soil organic matter, as well as the levels of phosphorus
and cation exchange capacity, leaving good indications for future production cycles, although during
the four years of the study these treatments provided little N to the trees. The High N treatment
significantly reduced soil organic matter (63% less than MSW). The result was attributed in part
to the soil management system that did not allow the development of herbaceous vegetation, but
also to an effect known as “added N interaction”, in which the excess of inorganic N in the soil
might have contributed to accelerate the mineralization of native soil organic matter, an aspect
that compromises the sustainability of this fertilization strategy. Although MSW and wood ash are
sometimes associated with risks of environmental contamination with heavy metals, in this study
the levels of heavy metals in soils and in plant tissues were not of concern.

Keywords: bottom wood ash; circular economy; farmyard manure; municipal soil waste; Olea
europaea; organic manure; soil organic matter

1. Introduction

Agricultural soils contain all the essential nutrients for higher plants. However, they
are not always in the most appropriate balance for plant development or in the quantities
that allow high productivity to be achieved. The slush and burn system (cleaning, burning,
cropping and abandonment) was the traditional way to deal with nutrient mining and
allow the regeneration of soil fertility [1]. Current agricultural systems require continu-
ous cultivation and intensification of crop production to produce more food per unit of
land area. Continuous cultivation is a major cause of declining soil fertility due to the
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largescale nutrient removal in crops, coupled with nutrient loss through erosion, leaching
and greenhouse gas emission [2].

The fertilization strategies developed by man over time aim to restore the balance
between natural inputs and outputs of nutrients, aiming at maintaining the productivity
of the fields [3,4]. The intensification of agriculture has led to the generalized use of
inorganic fertilizers, which are easy to apply and their nutrients readily available to plants.
However, mineral fertilization is usually associated with reduced nutrient use efficiency
and in some cases a high risk of environmental contamination. N fertilizers are the most
controversial due to the high risk of nitrate leaching [5,6] or nitrous oxides emissions into
the atmosphere [7,8]. Phosphorus can also be a delicate problem, as it is a plant-growth
limiting nutrient in several parts of the world [9] and the phosphate rocks, from which
P fertilizers are manufactured are a finite resource that, at the current extraction rate, is
expected to be depleted within the current century [10,11]. Thus, for several reasons, it is
increasingly important to reduce dependence on chemical fertilizers to restore soil fertility.
On this topic, domestic and agro-industrial activities generate waste of high fertilizing
value, which can contribute to reduce the dependence on inorganic fertilizers [12,13].

Farmyard manure (FYM) is the first alternative or complement to inorganic fertilizers
to restore soil fertility due to its traditional abundance and ancestral use. However, in
many parts of the world, as in most of the semi-arid Mediterranean regions, farms have
specialized in monocultures of drought-tolerant plant species, such as vine, olive and
almond, reducing livestock and consequently the availability of manure [14]. In any case,
whenever available, these organic amendments must be used. From the use of manure,
it is expected an increase in soil organic matter content and the enhancement of several
physical, chemical, and biological soil properties [4,15].

Urban populations generate large amounts of domestic organic waste. This material
can be composted, limiting their impacts in landfilling or incineration, and applied to
the soil, which is in accordance with circular economy principles [16]. These fertilizing
materials, usually known as municipal solid waste (MSW), may enhance soil properties
and increase plant growth [15,17,18]. Still, due to the difficulty of separating organic from
non-organic residues, many industrial contaminants can increase the levels in heavy metals
of MSW. In the European Union, the legislation regulating the use of fertilizers may restrict
or prevent the use a MSW depending on its content in heavy metals, such as cadmium,
lead, chromium and nickel [19].

Fly and bottom ashes from burnt wood biomass in thermal power plants are materi-
als of varied elemental composition, but with potential to be used in agriculture. These
fertilizing materials can contain high levels of some valuable nutrients, such as calcium,
phosphorus, potassium and/or magnesium [20–22], but also high levels of heavy met-
als [23–26] Nonetheless, several studies have shown benefits in soil properties or in the
growth of agricultural and forestry plants through the application of wood ash [27–30].

In the Mediterranean basin, rainfed olive growing is usually carried out on shallow
hillside soils with high risk of erosion and low levels of organic matter [31,32]. The future is
challenging as growing conditions can get worse, since climate change is increasing aridity,
which can reduce soil fertility [33,34]. FYM, MSW and wood ash are fertilizing resources
that can be used to mitigate the degradation of soil fertility. However, even though local
farmers have been using these fertilizing resources, they were not integrated into enough
experimental studies, to clarify their fertilizing value and the optimal conditions for their
use. Thus, in this study, the effect of FYM, MSW and wood ash on soil fertility and olive
trees productive performance was compared to inorganic fertilization treatments. The
working hypothesis is that these fertilizing materials can be competitive with inorganic
fertilization and help to create a more sustainable cropping system within the current
Mediterranean climate change scenario.
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2. Materials and Methods
2.1. Study Site

The experiment was undertaken for four years (2017–2020) in a mature olive orchard
with cv Cobrançosa trees, located in Mirandela (41◦29′ N; 7◦10′ W; 240 m above sea level),
northeast of Portugal. Trees were spaced at 7 m × 7 m, corresponding to approximately
204 trees per hectare, the most common tree density in rainfed managed orchards in the
region. Mirandela benefits from a typical Mediterranean climate, with an average annual air
temperature of 14.3 ◦C and a cumulative annual precipitation of 509 mm. Average monthly
temperature and precipitation for the experimental period are presented in Figure 1. The
orchard is established in a bedrock of schist, loamy sand textured (6.1% clay, 17.3% silt,
76.6 sand). Some other relevant soil properties, determined from soil samples taken just
before the trial started are presented in Table 1.
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Figure 1. Average monthly temperature and precipitation during the experimental period.

Table 1. Selected Soil (0–20 cm) Properties (average ± standard deviation) Before the Trial Started.

Soil Properties Soil Properties
1 Organic carbon (g kg−1) 8.54 ± 0.59 5 Extract. Zn (mg kg−1) 1.9 ± 0.25

2 pH (H2O) 5.90 ± 0.11 5 Extract. Cu (mg kg−1) 3.2 ± 0.20
2 pH (KCl) 4.69 ± 0.09 6 Exchang. Ca (cmolc kg−1) 3.88 ± 0.62

3 Extract. P (mg P2O5 kg−1) 93.1 ± 9.5 6 Exchang. Mg (cmolc kg−1) 0.71 ± 0.13
3 Extract. K (mg K2O kg−1) 157.6 ± 17.5 6 Exchang. K (cmolc kg−1) 0.31 ± 0.05

4 Extract. B (mg kg−1) 1.0 ± 0.32 6 Exchang. Na (cmolc kg−1) 0.81 ± 0.11
5 Extract. Fe (mg kg−1) 43.6 ± 3.25 7 Exchang. acidity (cmolc kg−1) 0.08 ± 0.02

5 Extract. Mn (mg kg−1) 62.4 ± 9.24 8 CEC (cmolc kg−1) 5.79 ± 0.79
1 Walkley-Black; 2 Potentiometry; 3 Ammonium lactate; 4 Hot water, azomethine-H; 5 ammonium acetate and EDTA; 6 Ammonium acetate;
7 Potassium chloride; 8 Cation exchange capacity (sum of exchangeable bases and exchangeable acidity).

2.2. Experimental Design, Fertilizing Materials and Orchard Management

The experiment was arranged as a completely randomized design with five treat-
ments and six replications (six homogeneous trees per treatment). Between each row of
marked trees of a given treatment was assigned a row of untreated trees. The treatments
were: (i) the inorganic fertilization program followed in the orchard in the previous years
(Control); (ii) local farmyard manure (FYM); (iii) municipal soil waste (MSW); (iv) bot-
tom ash + inorganic N (Ash + N); and (v) the inorganic fertilization program reported
supplemented with N (High N).

The control treatment was set as the inorganic fertilization program followed in the
orchard in the previous years, consisting of a compound NPK fertilizer (10:10:10) applied
annually at a rate corresponding to 50 kg ha−1 of N, P2O5, and K2O, supplemented
with 2 kg B ha−1 as borax. FYM was a compost resulting from sheep excreta and urine
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mixed with rye straw, from a flock of sheep which graze freely during the day and spend
the night in a barn. MSW is a commercial compost, Ferti-Trás-os-Montes®(Resíduos do
Nordeste, Mirandela, Portugal), produced from the organic fraction of undifferentiated
MSW by the intermunicipal company ‘Resíduos do Nordeste’, which manages waste
from 13 municipalities in the northern region of Portugal. Bottom ash was obtained from
a wood biomass burning plant (Biomass Thermoelectric Power Plant Terras de Santa
Maria, Oliveira de Azeméis, Portugal). Properties and elemental composition of these
three amendments are shown in Table 2. FYM and MSW were applied every year at
variable rates, depending on dry mater yield and N concentration, in order to apply
50 kg N ha−1 yr−1, the same rate of N of the control treatment. Wood ash was applied at a
rate of 4 t ha−1 (dry weight) in 2017 and 2018. Although the levels of heavy metals seem
safe, according to National legislative framework (Decree-Law No 103/2015 of 15 June 2015,
which established the rules for placing fertilising materials on the market), it was decided
to apply the bottom ash only in the first two of the four years of the study. The treatment of
bottom ash was complemented with 50 kg N ha−1, the N rate used in the control treatment,
due to very low N content in ash. Thus, in 2019 and 2020 the plot of bottom ash received
only N (50 kg N ha−1, as ammonium nitrate, 20.5% N). The inorganic fertilizer applied at
increased N rate (High N) consisted in the application of 50 kg ha−1 of N, P2O5, and K2O
as a compound NPK (10:10:10) fertilizer, supplemented with 70 kg N ha−1 as ammonium
nitrate (20.5% N). This treatment represents a trend that exists among some farmers in the
region for the intensification of the cropping system. Amendments and fertilizers were
homogenously spread beneath the tree canopy, followed by incorporation into the soil with
cultivator, as common in the region.

Table 2. Properties (average ± standard deviation) of soil amendments used in the field experiment.

Municipal Solid Waste Farmyard Manure Bottom Ash *

Properties 2017 2018 2019 2020 2017 2018 2019 2020 Properties 2017/2018

Dry matter (%) 68.3 ± 3.0 78.5 ± 6.5 87.4 ± 7.1 78.3 ± 6.3 34.5 ± 3.8 51.5 ± 7.5 51.1 ± 6.5 63.0 ± 3.4 Dry matter (%) 59
1 Cond (mS

cm−1) 5.6 ± 0.2 6.2 ± 0.3 4.6 ± 0.4 4.8 ± 0.3 5.6 ± 0.3 8.0 ± 0.7 7.0 ± 0.8 4.3 ± 0.4 Organic matter
(%) 11

2 pH (H2O) 8.2 ± 0.1 7.8 ± 0.1 7.9 ± 0.1 8.1 ± 0.1 8.6 ± 0.1 9.0 ± 0.1 8.2 ± 0.2 8.6 ± 0.1 pH (23.4 ◦C) 12
3 C (g kg−1) 236.1 ±

17.0
247.0 ±

23.1
218.1 ±

22.3
222.4 ±

15.9
306.4 ±

19.8
258.6 ±

19.3
223.6 ±

12.8
249.3 ±

55.2 Total N (g kg−1) <5.6

4 N (g kg−1) 17.5 ± 2.0 15.7 ± 1.3 16.8 ± 1.2 17.5 ± 1.6 22.6 ± 1.9 14.9 ± 1.2 13.7 ± 1.2 15.2 ± 1.4 NO3
−-N (mg

kg−1) <4.5

5 P (g kg−1) 4.5 ± 0.1 4.7 ± 0.2 3.2 ± 0.1 3.4 ± 0.2 6.5 ± 1.2 6.1 ± 0.4 7.4 ± 0.6 4.4 ± 0.4 NH4
+-N (mg

kg−1) <4.2
6 K (g kg−1) 14.1 ± 2.4 15.9 ± 1.6 13.6 ± 1.4 13.1 ± 2.1 55.1 ± 4.4 28.5 ± 3.8 23.5 ± 3.1 23.1 ± 2.7 P (g kg−1) 1.2

6 Ca (g kg−1) 74.3 ± 3.0 63.0 ± 5.1 64.8 ± 4.4 27.8 ± 2.5 33.5 ± 3.3 22.3 ± 2.1 12.3 ± 1.5 18.8 ± 1.4 K (g kg−1) 9.7
6 Mg (g kg−1) 8.3 ± 0.3 8.3 ± 0.7 7.9 ± 0.7 8.8 ± 0.8 8.5 ± 0.9 8.4 ± 1.3 9.4 ± 1.6 8.5 ± 0.7 Ca (g kg−1) 20
5 B (mg kg−1) 49.0 ± 4.4 74.4 ± 3.7 65.3 ± 6.2 58.1 ± 4.3 46.1 ± 6.4 39.7 ± 7.1 30.7 ± 8.1 56.1 ± 7.6 Mg (g kg−1) 5.2

6 Cu (mg kg−1) 265.7 ±
68.1

184.0 ±
33.2

169.5 ±
28.6

249.4 ±
31.8 32.8 ± 2.6 56.1 ± 4.9 36.1 ± 2.9 49.4 ± 5.1 Na (g kg−1) 2.1

6 Fe (g kg−1) 12.3 ± 2.6 11.9 ± 2.1 12.8 ± 1.9 13.8 ± 1.2 6.1 ± 0.9 17.3 ± 1.5 17.7 ± 1.3 13.4 ± 1.1 Zn (mg kg−1) 47
6 Zn (mg kg−1) 487.9 ±

17.0
419.0 ±

38.0
528.0 ±

41.2
428.4 ±

41.9
200.2 ±

9.5
144.1 ±

12.6
124.9 ±

11.2
228.4 ±

25.8 Cu (mg kg−1) <17

6 Mn (mg kg−1) 474.8 ±
31.1

569.7 ±
43.2

414.2 ±
38.5

429.1 ±
31.3

366.3 ±
37.3

479.5 ±
52.2

579.8 ±
61.1

319.3 ±
41.6 Ni (mg kg−1) <10

6 Cd (mg kg−1) 6.4 ± 0.8 7.2 ± 0.7 5.5 ± 0.6 5.8 ± 0.4 0.7 ± 0.0 1.3 ± 0.1 1.3 ± 0.1 1.6 ± 0.2 Pb (mg kg−1) 18
6 Cr (mg kg−1) 57.5 ± 4.2 40.2 ± 4.1 93.8 ± 8.6 62.4 ± 6.5 35.8 ± 0.5 41.8 ± 6.9 31.8 ± 4.9 29.6 ± 3.4 Cr (mg kg−1) 24
6 Ni (mg kg−1) 44.8 ± 2.8 77.9 ± 3.7 60.0 ± 4.1 53.2 ± 5.2 18.4 ± 1.6 18.2 ± 3.8 14.2 ± 4.2 21.8 ± 3.6 Cd (mg kg−1) <0.33
6 Pb (mg kg−1) 198.6 ±

60.8
149.2 ±

25.5
101.8 ±

12.5
132.6 ±

14.1 36.0 ± 3.2 33.8 ± 4.9 23.8 ± 4.7 28.6 ± 5.1 Hg (mg kg−1) <0.33

1 Conductivimeter; 2 potentiometry; 3 Incineration; 4 Kjeldahl; 5 Colorimetry; 6 Atomic absorption spectrophotometry. * Provided by the
manufacturer (in 2017 and 2018 it was applied the same product).

The orchard floor was managed by conventional tillage, performed with a cultivator
twice a year, between March and May, after the application of fertilizers and amendments.
No relevant phytosanitary problems were detected during the experimental period, so
there was no need to apply pesticides. Pruning was performed once a year, in the resting
period of winter, usually in December shortly after harvest. A light pruning regime was
implemented, trying to remove no more than 15 to 20% of the leaves. Pruning wood of
each individual tree was weighed fresh in the field. Subsamples of ~1 kg representing all



Agronomy 2021, 11, 2172 5 of 15

parts of the prunings (thick and thin wood and leaves) were sent to the laboratory, weighed
fresh again, oven-dried at 70 ◦C to a constant weight and weighed dry to allow estimating
the total dry matter removed in prunings. The harvest was performed every year by late
November, using a branch shaker harvesting machine to pull the fruit down, with sheets
spread on the floor to recover it.

2.3. Leaf Gas Exchange Determinations

Leaf gas exchange measurements were performed during the four years of the experi-
ment in healthy and full expanded mature leaves on cloudless mornings (photosynthetic
photon flux density above 1500 µmol m−2 s−1) using a portable IRGA (LCpro+, ADC, Hod-
desdon, UK), operating in the open mode. Net photosynthetic rate (A, µmol CO2 m−2 s−1)
and stomatal conductance (gs, mmol H2O m−2 s−1) were estimated using the equations de-
veloped by von Caemmerer and Farquhar [35]. Intrinsic water use efficiency was calculated
as the ratio of A/gs (µmol mol−1).

2.4. Samples Collection and Laboratory Analysis

Twice a year, in late July, at endocarp sclerification, and in the winter resting period
of olives, leaf samples were taken from the middle part of the current season shoots in
the four quadrants at approximately 1.8 m high. Leaf samples were used for elemental
analysis, allowing for the monitoring of the nutritional status of trees. Pruning wood was
separated into stems and leaves and weighed in the field. Subsamples of both plant parts
were weighed again, carried out to the laboratory, oven-dried at 70 ◦C and weighed dry.
In November the fruits were harvested and weighed separately per tree. The harvesting
method was already described. A random sample of 30 fruits was separated for elemental
analysis. All plant tissues were oven-dried at 70 ◦C and ground before analysis. In June
2020, the soil was sampled at three depths (0.0–0.1 m, 0.1–0.2 m, and 0.2–0.3 m) for assessing
the effect of the fertilizer treatments on soil properties. Three replicates per soil layer were
prepared after taking soil from 10 different points (composite samples).

In the lab, soil samples were oven-dried at 40 ◦C and submitted to the following ana-
lytical determinations: (1) pH (H2O and KCl) (potentiometry); (2) organic C (Walkley-Black
method); (3) exchangeable bases, acidity and cation exchange capacity (ammonium acetate,
pH 7.0); (4) extractable P and K (ammonium lactate solution at pH 3.7); (5) extractable boron
(B) (hot water, and azomethine-H method); (6) extractable Fe, Mn, Zn, Cu, Ni, Cd, Cr, and
Pb (ammonium acetate and EDTA, determined by atomic absorption spectrometry). In the
initial samples there were also determined (7) clay, silt and sand fractions (Robinson pipette
method). Methods 1–3 and 6 and 7 are fully described by Van Reeuwijk [36], method 4 by
Balbino [37] and method 5 by Jones [38].

Tissue samples (leaves, stems, fruit pulps) and samples of the organic amendments
used in the experimental design were subjected to elemental analysis by Kjeldahl (N),
colorimetry (B and P), and atomic absorption spectrophotometry (K, Ca, Mg, Fe, Mn, Cu,
Zn, Ni, Cd, Cr, and Pb) methods [39] after tissue samples were digested with nitric acid in
a microwave. In the samples of the organic amendments pHH2O and conductivity were
also determined [36].

2.5. Data Analysis

Data were firstly tested for normality and homogeneity of variances using the Shapiro-
Wilk test and Bartlett’s test, respectively. The comparison of the effect of the fertilizer
treatments was provided by one-way ANOVA. When significant differences were found
(α < 0.05), the means were separated by the multiple range Tukey HSD test (α = 0.05).
The three depths at which the soil was sampled were treated as blocks in the analysis of
variance of the variables related to soil properties.
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3. Results

Accumulated olive yield was significantly higher in the High N in comparison to
the other treatments, mainly due to the contributions of the olive yields of 2019 and 2020
(Figure 2). In 2017 and 2018 no significant differences were found between the fertilizer
treatments. The organic amendments FYM and MSW provided the lower average total
olive yields, although without significant differences for Control and Ash + N treatments.
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Figure 2. Olive yield in four consecutive harvests as a function of fertilizer treatments: control,
compound NPK (50 kg ha−1 of N, P2O5 and K2O); FYM, farmyard manure (rate equivalent of
50 kg N ha−1); MSW, municipal solid waste (rate equivalent of 50 kg N ha−1); Ash + N, bottom ash
(4 t dw ha−1) plus 50 kg N ha−1; and High N, high N rate (120 kg N ha−1 and 50 kg ha−1 P2O5 and
K2O). Within each year (lowercase) and total (uppercase), means followed by the same letter are not
significantly different by Tukey HSD test (α = 0.005). Vertical bars are standard errors.

Pruning wood displayed a pattern similar to that observed for the olive yield (Figure 3).
In 2019 and 2020, the High N treatment showed significantly higher values than most of
the other treatments, which resulted in total pruning wood significantly higher than in
the FYM, MSW and Ash + N treatments. As observed for the olive yield, no significant
differences between treatments were found in 2017 and 2018.
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Figure 3. Pruning wood from four consecutive pruning events as a function of fertilizer treatments:
control, compound NPK (50 kg ha−1 of N, P2O5 and K2O); FYM, farmyard manure (rate equivalent
of 50 kg N ha−1); MSW, municipal solid waste (rate equivalent of 50 kg N ha−1); Ash + N, bottom
ash (4 t dw ha−1) plus 50 kg N ha−1; and High N, high N rate (120 kg N ha−1 and 50 kg ha−1 P2O5

and K2O). Within each year (lowercase) and total (uppercase), means followed by the same letter are
not significantly different by Tukey HSD test (α = 0.005). Vertical bars are standard errors.
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The response of leaf gas exchange variables to the applied fertilizer treatments varied
with the monitored dates (Figure 4). Regarding net photosynthetic rate, significant differ-
ences among treatments were only recorded on the third and fourth year of the study. High
N trees presented the highest A in July of 2019 and 2020, but the trend was reversed in Au-
gust and with higher evidence in September of 2020, in a strictly association with stomatal
conductance values. In general, trees treated with organic soil amendments showed net
photosynthetic rates similar to those fertilized with control NPK dose. Meanwhile, A/gs
varied significantly between fertilizer treatments in four of the nine dates. In general, data
highlighted the values of High N treatment, with tendency to higher A/gs in three dates,
when leaves presented gs lower than 200 mmol m−2 s−1, and the lower A/gs relatively to
all organic amendment’s treatments in July 2019 when gs of their leaves was higher than
200 mmol m−2 s−1.
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(50 kg ha−1 of N, P2O5 and K2O); FYM, farmyard manure (rate equivalent of 50 kg N ha−1); MSW,
municipal solid waste (rate equivalent of 50 kg N ha−1); Ash + N, bottom ash (4 t dw ha−1) plus
50 kg N ha−1; and High N, high N rate (120 kg N ha−1 and 50 kg ha−1 P2O5 and K2O). ** (p < 0.01)
and *** (p < 0.001) are the results of analysis of variance. Within each date, means followed by the same
letter are not significantly different by Tukey HSD test (α = 0.005). Vertical bars are standard errors.

Leaf N concentration varied significantly between fertilizer treatments in five of
the seven dates of samplings (Figure 5). The values of the High N treatment appeared
systematically at the top of the figure, while the lines of FYM and MSW tended to be
observed at the bottom of the figure. In general, the values appeared positioned in the
lower middle part or even below the lower limit of the sufficiency range. Leaf P levels
also differed significantly between treatments in five of the seven sampling dates. In this
case, Ash + N, MSW and FYM appeared frequently at the top of the figure, whereas High
N treatment frequently appeared at the bottom. Leaf P concentrations were generally
found within the sufficiency range and only occasionally drop close to the lower limit.
As for leaf N and P, leaf K concentrations varied significantly between treatments in five
of the seven sampling dates. However, leaf K values showed greater variation between
sampling dates and a more irregular pattern, but with a tendency to appear closer to the
lower limit, in relation to the sufficiency range. When comparing treatments, the dominant
pattern is the values of FYM at the top and the values of High N at the bottom of the figure.
Leaf B levels differed significantly between treatments in two of the seven sampling dates.
High N and Control treatments showed the higher values when significant differences
between treatments were observed. In general, leaf B levels were found very close or below
the lower limit of the sufficiency range. In general, no significant differences were found
between treatments for other macro (Ca and Mg) and micronutrients (Fe, Zn, Cu and Mn),
or these results revealed little consistency between sampling dates, having been considered
of little relevance for this study (data not shown).
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Figure 5. Leaf nitrogen (N), phosphorus (P), potassium (K) and boron (B) concentrations in seven
consecutive sampling dates in July (J) and December (D) from July 2017 (J17) to July 2020 (J20).
Horizontal dashed lines are the lower and higher limits of the sufficiency ranges; ns (not significant),
* (p < 0.05), ** (p < 0.01) and *** (p < 0.001) are the results of analysis of variance.

The concentration of Cd, Cr, Pb and Ni in the leaves varied little between treatments.
However, a slight trend towards lower values in the High N and Control treatments was
observed. The sampling date on which the differences between treatments were most
accentuated was July 2018, following the second application of fertilizers and amendments
(Table 3).

Table 3. Leaf concentration of trace metals in the sampling of July 2018, following the second
application of fertilizers and amendments.

Cadmium Chromium Lead Nickel

Control 0.54 ab 2.88 b 5.15 a 9.03 ab
FYM 0.60 ab 3.83 ab 4.38 a 11.87 a
MSW 0.62 ab 4.29 a 4.92 a 11.51 a

Ash + N 0.81 a 4.07 a 6.09 a 12.62 a
High N 0.46 b 2.73 b 4.01 a 7.29 b

In columns, means followed by the same letter are not significantly different according to the Tukey HSD test
(α = 0.05).

The olive pulp was also analysed for elemental composition. Significant differences
between treatments were uncommon and the ranges of variation were lower than those
recorded on the leaves. Values of Pb and Cd in olive pulp were below 0.3 and 0.2 mg kg−1,
respectively, the threshold limits for edible vegetables as set by the Codex Alimentarius
Commission [40]. The levels of Cr and Ni were also below to those usually found in several
edible vegetables [41].

Relevant soil properties, such as organic C, pH, extractable P, K, B and Zn and cation
exchange capacity significantly decreased from the surface to the deeper layers (Table 4).
Organic C varied significantly between treatments. The High N treatment showed the
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lowest values. Soil pH showed the trend of organic C, the lower values being found in the
High N treatment, and the higher values in the MSW and FYM treatments. The higher
values of extractable P and K were found in the MSW and FYM treatments and the lower
values in the High N and Ash + N treatments, respectively. The treatments consisting of
inorganic fertilizers (High N and Control) also showed reduced CEC, but increased soil
B levels. Soil Zn levels were particularly high in the MSW treatment. Several other soil
properties were determined but the results did not vary with the treatments and were
considered of little relevance for this study (data not shown).

Table 4. Organic carbon (C), pH(H2O), extractable phosphorus (P) and potassium (K), exchangeable calcium (Ca), magne-
sium (Mg) and K, cation exchange capacity (CEC) and extractable boron and zinc in soil samples taken in June 2020.

Organic C Extrac. P Extrac. K Exch Ca Exch. Mg Exch. K CEC Boron Zinc

(g kg−1) pH(H2O)
(mg P2O5

kg−1)
(mg K2O

kg−1) (cmolc kg−1) (mg kg−1)

Soil depth (Z)
0.0–0.1 m 11.6 a 6.2 a 185.6 a 282.6 a 4.9 a 0.9 a 0.6 a 7.9 a 1.3 a 4.1 a
0.1–0.2 m 8.3 b 6.0 b 88.7 b 152.1 b 3.9 b 0.9 a 0.3 b 6.8 ab 0.9 ab 2.0 ab
0.2–0.3 m 5.2 c 5.9 b 43.7 b 96.2 b 3.3 b 0.8 a 0.2 b 6.2 b 0.6 b 1.6 b

Treatment (T)
Control 8.5 ab 5.8 bc 71.5 bc 142.7 bc 3.5 bc 0.7 c 0.3 b 5.6 b 1.7 a 1.4 b

FYM 9.2 ab 6.3 a 150.8 ab 350.7 a 3.9 bc 1.1 a 0.8 a 7.2 ab 0.4 b 2.0 b
MSW 10.1 a 6.4 a 216.1 a 170.6 bc 5.6 a 0.9 ab 0.3 b 8.8 a 0.3 b 6.4 a

Ash + N 7.8 bc 5.9 b 57.1 bc 73.8 c 4.2 b 0.9 ab 0.2 b 7.9 a 0.3 b 1.6 b
High N 6.2 c 5.6 c 34.3 c 147.1 bc 2.9 c 0.8 bc 0.3 b 5.5 b 1.9 a 1.4 b

Prob > F (Z) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0703 <0.0001 0.0055 0.0016 0.0182
Prob > F (T) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0001 <0.0001 <0.0001 <0.0001 0.0002

Within soil depth or treatment, means followed by the same letter are not significantly by Tukey HSD test (α = 0.05).

4. Discussion

The application of N at high rate (High N treatment) significantly increased olive
yield and also had a strong influence on tree development as measured by pruning wood,
particular in the last two years of the experiment. N concentration in the leaves, usually
higher in the High N in comparison to the other treatments and the general positioning
of the values close to the lower limit of the sufficiency range, showed N as the nutritional
factor with greatest influence on the crop productivity. The experiment was installed
in a Leptosol of low content of clay and organic matter, and, thus, reduced N holding
capacity, since clays of type 2:1 and organic matter are the main mechanisms by which
soils accumulate N that becomes gradually available to plants [4]. This makes these trees
very dependent on the regular application of N as a fertilizer. Even though in some studies
results have been reported in which no differences in olive yield were observed by the
application of N [42,43]. Nonetheless, in poor fertility soils it has been shown that regular
N application is decisive to maintain the growth and productivity of olive trees [44–46].

The treatments consisting of mineral fertilization (High N and Control) also received
B, which appeared reflected in the levels of B in the soil and in the concentration of B in
plant tissues. Considering that leaf B levels were generally low, close or below the lower
limit of the sufficiency range, it is likely that B also has had some effect on the performance
of the trees. The importance of B in dicot species is high [47] and in the experimental
site region the application of B to olive trees has proved to be an important factor for
productivity [44,48].

The effect of P, K and other nutrients in crop growth and yield seemed less relevant
than that of N. In the case of P, some treatments, mainly MSW and FYM, increased its levels
in the soil, but much less in plant tissues, perhaps because the trees tend to regulate the
concentration of P in the leaves, by accumulating the nutrient in the roots [49,50]. The levels
of P in the leaves were generally within the sufficiency range, which is in accordance with
the extensive research on P fertilization in olive and other crops in the region where it has
been difficult to obtain a response to the application of P [41,49,51]. Tissue K levels varied
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greatly between sampling dates, which is a feature of this nutrient, especially because it is
removed in high amounts in fruits [52,53], and due to its prominent role in the transport of
photosynthates to growing tissues [11]. However, K leaf levels usually did not drop below
4 g kg−1, the critical value for the olive tree’s response to the application of K [53,54]. The
remaining nutrients did not vary significantly between treatments and the values remained
within the sufficiency ranges, so their effect on trees in this study seemed to be reduced.

The responses of crop yield and tree growth to the application of N at high rate (High
N treatment) during the last two years of the experiment were associated with the higher
photosynthetic activity of these trees in situations where stomatal conductance values
overcome 150 mmol m−2 s−1, confirming the causal relationship between N nutrition and
photosynthesis, as shown by other studies [55–57], including in olive trees [46,58]. The
photosynthetic capacity is related to the nitrogen content primarily because the proteins of
the Calvin cycle and thylakoids represent most of the leaf nitrogen [59]. Nonetheless, it
is important to note that on the last two sampling dates, namely on the final one, after a
period of particularly severe drought stress and sharp drop in gs, High-N trees showed
the lowest net photosynthetic rates, indicating that higher N application increased plant
susceptibility to water stress conditions, as found for other crops [60–62]. Thus, in view
of altered precipitation patterns and reduced water availability due to climate change,
careful adoption of nitrogen fertilization is required to ensure adequate productivity under
rainfed conditions. Furthermore, overall, results of A/gs support the findings of other
studies, presented in the review of Brueck [63], where N supply had positive or no effects on
intrinsic water use efficiency, suggesting that non-stomatal or both stomatal and mesophylic
limitations explain the N effects on A/gs.

Organic amendments (MSW and FYM) revealed a low contribution to the productivity
performance of the trees, perhaps due to not having ensured an adequate supply of N to the
plants. Organic amendments sometimes show low nutrient use efficiency, because instead
of being mineralized, nitrogen can remain in organic form for long periods or the release of
nutrients occurs when the opportunity for root uptake is low [3,64]. Organic amendments
have increased the organic C content in the soil, which helps to support the previous
statement. Through the application of organic amendments, the pH also increased, which
may reflect more the initial high pH of the products, and less the effect of mineralization
and nitrification, as their result tend to be an acidifying process [4]. Organic amendments
also increased extractable P and CEC. However, although all these variables are positive
aspects for soil fertility, in the short term they did not have a relevant influence on crop
productivity. This does not rule out the possibility of benefits that could be obtained in the
long-term as a result of their continued use.

The Ash + N treatment tended to show values that rarely stood out in comparison
to the treatments of inorganic or organic fertilization, which seems in accordance with its
initial composition. In general, bottom ashes are fertilizing materials that can be valued for
their content in nutrients such as P, K, Ca or Mg [20–22], but which can also present toxicity
problems as they may contain high levels of heavy metals, such as Cd, Cr or Pb [23–26].
In this study, neither aspect deserves to be highlighted, perhaps reflecting, once again, its
initial mineral composition and the moderate rates in which it was applied.

A detail that deserves particular attention is the fact that the High N treatment has
reduced the soil organic matter content. The increase of N rates stimulates the growth
of herbaceous vegetation, which should be associated with an increase in the content of
organic matter in the soil due to the increased deposition of fresh organic debris. However,
soil tillage in Spring may have limited the opportunity for weeds growth, thus reducing the
apparent advantage of the High N treatment. In general, soil tillage is frequently associated
with reduced organic matter in the soil in comparison to other ground management systems
that permit a better development of herbaceous vegetation [32,65]. However, this argument
seems to be insufficient to clarify the situation since in the other inorganic fertilization
treatments no reduction in soil organic C was found in comparison to the initial situation
of the study four years before. In the High N treatment, an effect known as added N
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interaction (formerly priming) appears to have occurred. Added N interaction reflects a
stimulus of the inorganic N in soil biological activity, leading to an increased mineralization
of the native organic matter of the soil [66,67]. The phenomenon was reported by Rodrigues
and colleagues [14] when they found a reduction in soil organic C in the subsurface layers
of a cover crop of annual legumes in comparison to a cover of natural vegetation. The
result was attributed to the increased availability of inorganic N in the soil, resulting from
the mineralization of the legume debris in the superficial layers, which accelerated the
mineralization of the native soil organic matter. Thus, although these four years’ results
have been very positive for the High N treatment regarding crop growth and yield, soil
organic matter turnover deserves attention in future studies to assess whether the use of
inorganic N in high rates, mainly in soil management systems that do not allow the entry
of organic debris into the soil, does not compromise the long-term sustainability of the
production system.

In this study, heavy metals such as Cd, Cr, Pb or Ni were not an important concern.
Although the MSW used in this study had some legal restrictions to be used in vegetable
crops [19], due to the risk of containing some of those heavy metals at high level, and also
bottom ash, a product sometimes associated with heavy metal contamination, as above
mentioned, levels of heavy metals found in the soil did not differ between treatments and
were within ranges acceptable for agricultural activity, as reported in other studies [41,68].
The values of heavy metals in the leaves rarely differed between treatments, and the values
found in olive fruit pulp were within the safety standards for edible food [40].

5. Conclusions

Soil N availability probably was the most determining factor for the growth and yield
of the olive trees, mainly because the experimental site soil had reduced N reserves, due to
the low content of organic matter and also of clay, the latter being very important in the
accumulation of inorganic N in the ammoniacal form. Thus, the High N treatment resulted
in higher olive yields and the treatments consisting of organic amendments (MSW and
FYM) were associated with poorer N nutritional status of olive trees. Organic amendments,
however, increased the organic matter content in the soil, as well as P levels and CEC, which
could play an important role in the long-term if this fertilization strategy is maintained over
the years. Inorganic fertilization with a high N rate, associated with a soil management
system that did not allow the development of herbaceous vegetation, significantly reduced
the organic matter content of the soil due to a previously reported phenomenon known as
added N interaction, which can compromise the long-term sustainability of this fertilization
strategy. There was no increase in heavy metals in soil or plant tissues, associated with
potentially more dangerous products such as MSW and bottom ash, so their use in olive
groves can be recommended even though their effects should be continuously monitored.
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